Greenhouse Gas Emissions and a Rising Concern
Since the industrial revolution, human involvement has been increasingly adding to the amount of carbon dioxide in the atmosphere from 280 to 360 PPM 1 . In the past 250 years, the atmospheric level of carbon dioxide has risen by around 31% 2 . Carbon dioxide contributes to 60% of the greenhouse gases that cause global warming 1 . Figure 1 shows the distribution of CO 2 emissions among different US sectors by fuel source. In 2000 alone, CO 2 emissions accounted for 83% of total U.S. greenhouse gas emissions 3 . FIGURE 1 -CO 2 Emissions in the US by sector and fuel (in MMT) 32 As these gases, especially CO 2 , continue to increase, potential adverse effects on regional and global climate, ecosystem function, and human health increase as well. In an effort to reduce these emissions, many national governments are looking to introduce Reporting emissions using thresholds is also part of efforts in the EU and Canada to monitor greenhouse gas emissions. The Ontario Ministry of the Environment (MOE) currently has a mandatory emissions monitoring and reporting program that requires facilities to report if emissions exceed 100,000 Mg of CO 2 5 . Although steps around the globe have been initiated to quell the situation, world energy-related CO 2 emissions will increase by approximately 40% by 2040 according to current projected rates 4 .
Natural Gas as an Alternative Fuel Source and Associated Challenges
Coinciding with the growing concern of atmospheric CO 2 concentrations is world energy demands. Fossil fuels account for approximately 80% of the worldwide energy demand which produces CO 2 6 . In an effort to reduce fossil fuel energy production, research is being directed towards alternative fuels, carbon capture, and carbon sequestration. With the emergence of these new technologies, estimates suggest that U.S. natural gas reserves have doubled and gas prices have dropped from a high of $15/MMBtu in 2006 to less than $3/MMBtu in early 2012 7 . Low costs combined with an abundance of supply makes natural gas combustion turbines look extremely attractive for electricity generation. U.S. power generation from natural gas grew from 14% in 1997 to 23% in 2010 7 . Natural gas power plants provide many advantages including higher efficiency and lower sulfur and CO 2 emissions per MW generated 7 . If CO 2 emissions become heavily regulated, a shift towards natural gas power plants will accelerate in the future.
In order to effectively use natural gas as a fuel source, the fuel supply must be purified of any impurities to increase its energy content. Carbon dioxide is an undesirable impurity in natural gas wells, with concentrations as high as 70% 8 . In addition to lowering the energy content of natural gas, carbon dioxide is acidic and corrosive in the presence of H 2 O. Current pipeline specifications require a CO 2 concentration below 2-3% 9 .
Current Separation Methods and a Shift to Green Technologies
The most widely used process to purify natural gas utilizes alkanolamine aqueous solution to absorb selectively CO 2 and H 2 S from natural gas streams 10 . The most commonly used amines in industrial plants are the alkanolamines monoethanolamine (MEA), diethanolamine (DEA), and methyldiethanolamine (MDEA), all of which are harmful to the environment and human health 11 . This process is extremely energy intensive and requires multiple steps in preparation for the separation and solution recovery (heating of the solution, recovery of acid gases, etc.). Figure 2 displays a common schematic for an alkanolamine treating process for natural gas purification.
FIGURE 2 -Process Flow Diagram of Natural Gas Alkanolamine Treatment 11
In an effort to reduce the high energy consumption, chemicals involved, phase changes, complex equipment, and proneness to pollution, membrane technology is being increasingly adopted in the industry 12 . Rather than subject the feed gas stream to multiple steps, a simple, pressure driven design would promote the separation of CO 2 from CH 4 . While polymeric membranes are highly sought after for their low manufacturing/production costs and high performance, they do have weaknesses.
Plasticization is a common occurrence for polymeric membranes. With the sorption of CO 2 , polymers swell and change in mechanical and physical properties. The most important of these is the reduction of the glass transition temperature (T g ), simply called plasticization 16 . The CO 2 molecules interact with the basic site within the polymer and reduce chain-chain interactions. This reduction increases the mobility of polymer segments thus reducing the glass transition temperature (T g ). Plasticization causes thermal instability and can lead to fracturing of the polymeric membrane 16 . Materials that are able to withstand harsh conditions (thermally and chemically stable) while able to adsorb large amounts of CO 2 (high surface areas) are needed for the purification of natural gas.
A family of materials that are able to provide each of these characteristics is metal-organic frameworks (MOFs). MOFs are crystalline compounds consisting of metal ions or clusters coordinated to often rigid organic molecules to form three-dimensional porous structures. Figure 4 displays the prototypical metal-organic framework MOF-5 20 . Angstrom pore diameter (sphere). MOF-5 has thermal stability up to 400°C and a high surface area of 2900 m 2 g -1 18 . Compared to zeolites, another family of well-known materials used in the separation of gaseous mixtures, MOFs have a much larger diversity in porosity allowing for a broad range of applications such catalysis (large pore diameter/volume) and especially gas separations (small pore diameter/volume). Figure 5 compares several MOFS (dots and squares) to a few zeolites (diamonds) to visually display the diversity within this family of materials. 
D. Objectives
The objectives of the current study are to:
1) Develop Bio-MOF-1 crystals displaying narrow size distribution and enhanced CO 2 adsorption properties.
2) Develop reproducible and continuous Bio-MOF-1 membranes for CO 2 /CH 4 separation.
3) Establish basic structure/separation relationships of Bio-MOF-1 membranes in relevant functional gas separations related to natural gas.
II. EXPERIMENTATION
A. Synthesis of Bio-MOF-1
The zinc-adeninate metal-organic framework Bio-MOF-1 was synthesized similarly to the method described by Rosi's group 22 . In a typical synthesis, shown in Multiple layers were applied following the same procedure. The membranes were dried at 100 o C under an argon atmosphere within the Precision Vacuum Oven.
FIGURE 9 -Bio-MOF-1 Membrane Synthesis
The separation performance of the Bio-MOF-1 membranes for equimolar CO 2 /CH 4 gas mixture was measured in a separation system shown in Figure 10 . The membranes were mounted in a stainless steel module with silicone O-rings as seals on both ends. The driving force across the membrane was provided by a pressure drop of 138 KPa with the permeate pressure being 99.5 KPa (atmospheric). The permeate gas rate was measured by a soap film bubble flow meter. The total flow rate was 100 mL/min. The compositions of the feed, retentate, and permeate streams were measured using a gas chromatograph (SRI instruments, 8610C) equipped with a thermal conductivity detector and HAYESEP-D packed column, Figure 19 . The oven, injector and detector temperatures in the GC were kept at 65 o C, 100 o C and 150 o C respectively. CHN analysis revealed that the carbon, hydrogen, and nitrogen contents of the Bio-MOF-1 framework were C-46.6%, H-3.9%, and N-11.7% 26 , which agree with the calculated theoretical amounts of C-46.7%, H-4.7%, and N-12.3% 22 . The adsorption isotherms at low P/P o relative pressure of CO 2 and CH 4 for Bio-MOF-1 were collected at room temperature. Figure 22 shows that Bio-MOF-1 crystals preferentially adsorbed CO 2 over CH 4 . At P/P o approximately 0.04, the crystals adsorbed 9 times more CO 2 than CH 4 reaffirming their appealing nature for CO 2 separation from other gases 26 . This preferential adsorption can be attributed to the presence of adeninate amino basic sites within the porous framework 26 .
FIGURE 22 -Bio-MOF-1 CO2 and CH4 adsorption capacities 26 Transmission electron microscopy (TEM) was employed as an additional means of characterizing the synthesized seeds. Figure 23 shows the TEM images of two nanobars selected from the crystalline sample shown in Figure 21 . Below each TEM images is the visual diffraction pattern presenting the spacing between particular crystal planes. Utilizing Bragg's law 27 , the d-spacings calculated agree well with those found through the TEM analysis as indicated in the XRD pattern in Figure 23 .
Where n is an integer, is the wavelength of the incident wave, d is the spacing between the planes in the atomic lattice, and is the angle between the incident ray and the scattering planes.
B. Membrane Separation Performance
As described in Bio-MOF-1 membrane preparation and testing, the secondary seeded growth approach was employed to prepare the membranes. This method provides nucleation sites for membrane growth as well as eliminates gaps in between the particles through the addition of multiple layers. Elimination occurs either through attachment of newly formed crystals or by the growth of the crystals already present on the membrane 26 . Figure 24 presents SEM images obtained of the top view as well as the cross section. The Bio-MOF-1 membrane surface and cross sectional views display the same nanobar crystal morphology as seen previously in the synthesized seeds ( Figure 21) .
Lengths in the ~ 9-11 µm range and widths in the ~ 1-2 µm range were observed. The increase in size is related to the recrystallization and growth of the crystals with the incorporation of multiple layers 26 . The preferential perpendicular growth direction suggests an epitaxial growth mechanism 26 . The thickness of this particular membrane was ~15 µm. The XRD pattern of the membrane corresponds to the structure of Bio-MOF-1, Figure 25 . The difference in peak intensity, between the main peak and secondary peaks, as compared to the XRD pattern of the seeds, Figure 20 , may indicate the preferential orientation of the crystals. This behavior has been observed in other MOF films 28 .
The CO 2 /CH 4 separation performance of the stainless steel supported Bio-MOF-1 membranes is show in Table 1 . At least 3 layers were needed to obtain continuous membranes. Membranes M1 and M2 were prepared with three layers, M3 with 4 layers, and M4 with 7 layers. CO 2 permeances as high as 11.9 x 10 -7 mol·m -2 s -1 Pa -1 and CO 2 /CH 4 selectivities of 2.6 were observed 26 . Membrane reproducibility was confirmed by the similar separation performances of M1 and M2. The addition of multiple layers correlated with a decrease in CO 2 permeance and CO 2 /CH 4 selectivity. The decrease in CO 2 permeance is due to an increase in membrane thickness. The addition of more layers results in an increase of Bio-MOF-1 pores (selective) and non-Bio-MOF-1 pores (non-selective) 26 . The selective transport pathways for CO 2 are a consequence of the basic adeninate sites. The non-selective pathways associate with intercrystalline boundaries and/or amorphous regions, since these pores differ in size and adsorption properties compared to the selective pathways. Therefore, the decrease in CO 2 /CH 4 selectivity suggests the addition of more layers results in a higher concentration of non-selective pathways 26 . The observed CO 2 /CH 4 selectivities are greater than 0.6 suggesting that the main mechanism of separation is preferential adsorption of CO 2 over CH 4 and not Knudsen selectivity 29 . Again, this is supported by Figure 22 which shows that the CO 2 adsorption capacities of Bio-MOF-1 crystals are higher than that of CH 4 . The Robeson plot for CO 2 /CH 4 separation selectivities as a function of CO 2 permeabilities (permeance x membrane thickness) of polymeric membranes has been widely used to compare the performance of membranes 30 . For comparison, the separation performance for Bio-MOF-1 membrane M1 has been included in this plot, shown in The data point for the Bio-MOF-1 membrane lies in the region of conventional polymeric membranes. Although its separation performance is lower than that of thermally rearranged (TR) polymeric membranes and most zeolitic membranes, it lies at the upper extremities for CO 2 permeances 31 . Further optimization of synthesis and processing parameters during the preparation of these membranes could potentially lead to more CO 2 selective membranes and ultimately extremely competitive and sought after membranes. Future experiments of Bio-MOF-1 membrane synthesis should focus on employing different seeding techniques in an effort to prepare more robust, continuous membranes. The secondary seeded growth mechanism provides nucleation sites; 
